A study of clinical records and temporal bone histopathology from a woman with bilateral otosclerosis who was treated with lateral semicircular canal fenestration procedures as well as stapedectomy.
INTRODUCTION
Otosclerosis is a condition of abnormal bony remodeling of the otic capsule that often results in stapes fixation and conductive hearing loss. One-third of patients with otosclerosis also develop a progressive sensorineural component that exceeds typical age-related sensorineural hearing loss. 1 Valsalva first described stapes ankylosis as a cause of hearing loss in 1704. Adam Politzer described the pathology as due to "new bone, overgrowing the oval window and stapes" in 1893. This corresponded with the first era of stapes surgery, which consisted of stapes mobilization, trephination, or removal. As these procedures became more common in Europe, complications of meningitis and death were recognized and led to the denouncement and abandonment of the procedures around 1900. 2 Following this, otologists continued to investigate alternative, safer methods of surgically correcting the conductive hearing loss from otosclerosis. In 1938, Julius Lempert described a breakthrough technique of an exteriorized lateral semicircular canal (SCC) fenestration via an endaural approach, performed in a single-stage. About 50% of patients who had this procedure had improvement of their conductive hearing loss (CHL) to a 20-25 dB airbone gap with lasting results. This marked the rise of the fenestration era of otosclerosis surgery. 2 In the 1950s, work by Samuel Rosen, John Shea, Harold Schuknecht, and Howard House resulted in the proven safety and efficacy of a transcanal stapedectomy with prosthesis placement. This operation led to superior hearing results compared to lateral SCC fenestration and marked the start of the modern era of otosclerosis surgery.
In this report, we present an otopathologic study of a woman with bilateral otosclerosis who lived and was treated during both the fenestration and stapedectomy eras of otosclerosis surgery.
MATERIAL AND METHODS
The clinical history was collected during life through enrollment in the National Institute on Deafness and Other Communication Disorders (NIDCD), National Temporal Bone, Hearing, and Balance Pathology Resource Registry. After death, both temporal bones were prepared for light microscopy by fixation in formalin (postmortem time was 19.5 hours) followed by standard processing for histologic examination, including decalcification with ethylenediamine tetra-acetic acid and celloidin embedding. Both specimens were sectioned serially in the horizontal plane at a section thickness of 20 μm. Every 10th section was stained with hematoxylin and eosin and mounted on a glass slide. The slides were examined by light microscopy.
Two-dimensional graphic reconstruction of the cochlea was performed using published accepted methods 3 to quantify cellular and acellular elements. Hair cells were recorded as being present or absent. Presence of stereocilia (at high magnification of ×400-1,000) was the criterion used to determine whether a cell within the organ of Corti was a hair cell or not. Atrophy of the stria vascularis was estimated as a percent of normal in 10% increments. The number of cochlear neuronal cells was counted, calculated, and expressed as a percentage of normal for age-matched control subjects.
RESULTS
This woman was born in 1923 and was diagnosed with bilateral otosclerosis as a young adult. At age 22, she underwent a right canal wall down tympanomastoidectomy with lateral SCC fenestration. Five months later, she
This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made. (Fig. 1) . The first audiogram, performed decades after her ear operations, showed a bilateral mixed severe to profound hearing loss with excellent word recognition bilaterally. The air-bone gaps were approximately 20-30 dB bilaterally. The second audiogram, performed 11 years later, showed significant progression to bilateral profound mixed hearing loss. The boneconduction thresholds were reported for the betterhearing cochlea, but could not be attributed to a particular side due to masking dilemma. Nevertheless, she appeared to have stability of her bone-conduction thresholds, on at least one or both sides, and the significant progression in hearing loss was likely due to widening of the air-bone gap, that is, worsening of the conductive component of her hearing loss. The drop in her word recognition scores was likely attributable to the limits of the audiometer in presentation level due to worsened conductive hearing loss rather than a decline in her sensorineural hearing. The temporal bone specimens were complete. On the right, there was some removal artifact from the saw cuts being close to the superior SCC. Otosclerosis was present causing stapes fixation (Fig. 2A) . A canal wall down tympanomastoidectomy was evident with a patent lateral SCC fistula with a thick fibrous seal (Fig. 2B) . Many outer and inner hair cells had degenerated, there was moderate to severe loss of spiral ganglion neurons, and there was mild to moderate loss of vestibular neurosensory elements. The round window membrane was unobstructed, meaning there was a viable window as a pressure outlet for the fluid-filled cochlear system to enable transmission of sound pressure waves that entered through the fenestration.
On the left, a canal wall down tympanomastoidectomy was evident with a patent lateral SCC fistula with a thick fibrous seal (Fig. 3A) . New bone growth was also present within the fibrous tissue sealing the fistula. Otosclerosis was present around the oval window. A total stapedectomy had been performed with placement of a wire loop malleus attachment prosthesis (Fig. 3B, 3C ). There was some osteitis on the malleus at points in contact with the wire prosthesis (Fig. 3D) . This ear also demonstrated moderate to severe loss of spiral ganglion neurons, some loss of outer hair cells, and moderate degeneration of the stria vascularis (Fig. 3E, 3F ). The round window membrane was unobstructed.
DISCUSSION
This case is a temporal bone histology study of a woman who had bilateral otosclerosis and was treated with both lateral SCC fenestration procedures and a stapedectomy. She had bilateral mixed hearing loss late in life. The histology demonstrates the pathologic findings of otosclerosis, with otospongiotic changes around the oval windows and cochleae, and sensorineural hearing loss, with degeneration of the neurosensory elements. It also demonstrates the histologic results of lateral SCC fenestration and a total stapedectomy with a malleus attachment wire loop prosthesis.
The association between the patient's audiometric findings and her temporal bone histopathology is interesting. In her audiogram from when she was 74 years old, there was bilateral mixed loss with an air-bone gap of 20-30 dB, with bilateral Carhart notches. This approximates the best possible hearing result from fenestration procedures. 4 For the left ear, which also had a stapedectomy and thus three mobile windows, it is impossible to determine the relative contributions of the two procedures on the patient's conductive hearing loss. We also cannot explain the increased air-bone gap between her audiograms at 74 and 85 years old; perhaps this was really reflective of worsened sensorineural hearing with inaccurate bone conduction measurements due to masking error or dilemma. Her sensorineural hearing loss may be due to a combination of age-related degeneration of hair cells and spiral ganglion neural elements, surgical trauma, and otosclerosis. Pathologic findings associated with increased sensorineural hearing loss due to otosclerosis include involvement of the cochlear endosteum at multiple sites around the cochlea. Notably, the cochlear endosteal layer was not involved by otosclerosis in either ear in this case.
The acoustic mechanics of a lateral SCC fenestration have previously been described, 4 and are summarized in Figure 4 . Briefly, the fenestration acts as a new cochlear window that replaces the immobilized oval window. In this configuration, the driving window, that is, the fenestration, is not coupled to the tympanic membrane (TM) and ossicular chain, which reduces the effective stimulus to the new window by an amount equivalent to the middle-ear gain of 20-30 dB. However, this loss is much less than the 50-60 dB loss that results from stapes fixation without fenestration. 4 Thickening of the fibrous seal or new bone formation over the lateral SCC fenestration, as seen in this case, may account for additional conductive hearing loss. 
